We earlier found an association between anorexia nervosa (AN) restrictive subtype (AN-R) and an inserted sequence within the NETpPR, a polymorphic region located in the promoter of the solute carrier family 6 (neurotransmitter transporter, noradrenalin) member 2 (SLC6A2) gene. To further examine the noradrenergic system in AN-R we performed an association study with a functional polymorphism (MAOAuVNTR) in the promoter of the monoamine oxidase A (MAOA) gene. Since monoamine oxidase A metabolises noradrenalin, a positive association with the MAOA gene would be biologically plausible. The transmission disequilibrium test and 95 trios/duos (AN-R females þ biological parents) showed the main effect of the longer, more transcriptionally active form of the MAOA-uVNTR (MAOA-L) to be statistically non-significant (McNemar's v 2 ¼ 1.4, df ¼ 1, P ¼ 0.238, odds ratio: 1.4, 95% CI 0.8 -2.7). A case-control approach supported this finding. We then stratified the MAOA-uVNTR TDT data according to the (a) NETpPR genotype of the AN-R females, and (b) NETpPR allele transmitted from NETpPR-S4/L4 heterozygous mothers. In both cases, contingency table analysis revealed previously unreported genegene interaction between the MAOA and SLC6A2 genes (P ¼ 0.019 and 0.019, respectively). Receiving an MAOA-L allele more than doubles the risk for developing AN-R, conditional on an individual also being a NETpPR-L4 homozygote (stratum-specific odds ratio: 2.4, 95% CI 1.1-6.0). These results suggest important involvement of the noradrenergic system in the biological underpinnings of AN-R.
Introduction

DSM-IV
1 anorexia nervosa (AN) is an eating disorder in which body weight is maintained at less than 85% of normal, there is amenorrhoea in females, an intense fear of gaining weight, and a disturbed perception of one's shape and/or weight. There are two types of AN based on whether sufferers control their weight by restricting food intake only (AN-R) or by purging (AN-BP). A genetic component is suggested in AN. 2, 3 Past and current speculation is that the serotonergic system is the main neurotransmitter system involved in AN due to increased cerebrospinal fluid (CSF) levels of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in long-term weight-restored patients compared to normals 4 and the clinical efficacy of selective serotonin reuptake inhibitors in individuals after weight gain. 5 Monoamine oxidase A (MAOA; EC 1.4.3.4) metabolises serotonin and noradrenalin, and to a lesser extent dopamine. MAOA is encoded by a gene at Xp11. 23 . 6 The functional MAOA-upstream variable number of tandem repeats (MAOA-uVNTR) polymorphism 7, 8 in the MAOA gene promoter commonly consists of 3 (3-allele) or 4 (4-allele) copies of a 30-bp sequence, or rarely 2 (2-allele) or 3 copies plus the first 18-bp of the same 30-bp sequence (3a-allele), or 5 copies (5-allele). The 3a-allele and 4-allele are transcribed more efficiently than the shorter 3-allele. In male skin fibroblast cultures, the 4-allele results in increased MAOA activity relative to the 3-allele. 9 The effect of the 2-allele on transcription is unknown and of the 5-allele debatable. 7, 8 We recently demonstrated an association between AN-R and the L4 allele and L4/L4 genotype of an insertion(L4)/deletion(S4) polymorphism in the NETpPR. 10 The NETpPR is a polymorphic region first described by us 10 within the promoter region of the solute carrier family 6 (neurotransmitter transporter, noradrenalin) member 2 (SLC6A2) gene located on chromosome 16. 11 SLC6A2
is responsible for reuptake of noradrenalin into the presynaptic neuron where it can be metabolised by MAOA. As CSF and blood noradrenalin levels are low in long-term weight-restored AN patients compared to normals 12, 13 and MAOA metabolises noradrenalin, we hypothesised that the MAOA-uVNTR was involved in susceptibility to AN-R.
Psychiatric disorders (eg AN) are complex diseases thought to be due to the combined effect of environmental factors and multiple genes. Each gene contributes to the genetic component of the disorder independently and/or through gene-gene interaction with one or a number of other genes.
14 As SLC6A2 and MAOA are the major proteins responsible for clearing noradrenalin from the synaptic cleft 15 we believed the probability of gene-gene interaction between the MAOA and SLC6A2 genes in AN-R was likely to be higher relative to two genes chosen randomly.
Here we report the first association study of the MAOA gene and AN, and the first investigation of gene -gene interaction between the MAOA and SLC6A2 genes.
Materials and methods
Subjects
The 95 unrelated families (87 trios, 8 duos) (91 Caucasian: 4 East Asian) in this study were recruited from Sydney and Melbourne, Australia and included the 87 AN-R trios from our earlier study, 10 plus 8 AN-R duos recruited later. Each trio consisted of one DSM-IV AN-R female plus both of her biological parents. Each duo consisted of one DSM-IV AN-R female plus her biological mother. Ethics approval had been gained from the appropriate ethics committees and all participants gave written informed consent (parents signed for those under 14 years). The 95 consecutive consenting AN-R females were enrolled into the study as inpatients (n ¼ 85) if they were medically compromised, or as outpatients (n ¼ 10). All patients fulfilled criteria for DSM-IV AN-R except that the amenorrhoea criterion was waived for the prepubertal females. Patients were excluded from the study if both parents were not likely to be available for testing. To ensure that patients were consistent in keeping their weight low by restricting food intake and not by purging, diagnosis of AN-R was achieved through using several ''layers'' of assessment over a period of time including structured clinical interviews with the patient and relatives, and case note searches by a researcher who was not involved in patient care. The original diagnosis was made (blind to genotype) by eating disorder specialists and confirmed with 95% consensus by one of three psychiatrists (KPN, JDR, PJVB) also blind to genotype, by using all previously accumulated data and through a structured clinical interview. Where any diagnostic ambiguity existed, KPN personally reviewed the case notes to confirm or reject the diagnosis. Ages and body mass index (BMI) were recorded during assessment. BMI was determined from weight and height measured by hospital staff, the weight criterion for DSM-IV AN-R being based on the minimum BMI recorded. At minimum BMI, all patients aged 11 -15 years weighed less than or equal to their age and sex specific 5th percentile BMI cutoff as determined in an Australian population study. 16 Above age 15 years a BMI of 17.5 was the upper limit. 17 Of the 95 patients, 31 were under 15 years of age (mean age 13.6171.23 years) at their minimum BMI (mean minimum BMI 14.3571.59) reached at a mean of 0.8970.57 years after onset of AN-R, and 64 were aged 15 years and over (mean age 17.8973.13 years) at minimum BMI (mean minimum BMI 14.6671.69) reached at a mean of 2.1772.03 years after onset of AN-R. The young age of our patients precluded setting a required period of time for patients to meet a diagnosis of AN in the absence of purging to be considered AN-R. However, as shown above, patients under 15 years of age had suffered from AN-R for an average of 1 year, while older patients had suffered from AN-R for an average of 2 years. As patients with AN-R may cross over to AN-BP or bulimia nervosa within the first few years of onset of AN-R we must
European Journal of Human Genetics therefore acknowledge the possibility of heterogeneity in our sample.
Molecular genetic methods A 10 ml EDTA venous blood sample was collected from the AN-R females and their parents. Genomic DNA was extracted from the blood using standard methods. 18 NETpPR genotypes of the 87 AN-R trios in the current report had been determined in our earlier study 10 where the NETpPR genotyping methodology is described. NETpPR genotypes of the additional 8 AN-R duos recruited later were determined in the current study. NETpPR genotypes of the total 95 AN-R females in the current study were 63 L4/L4, 29 S4/L4, and 3 S4/S4. The MAOA-uVNTR was PCR-amplified using previously published primer sequences 19 : forward primer MAOAFor2 
Statistical analysis
The transmission disequilibrium test (TDT) 20 measured association in the family-based sample (ie trios/duos). The TDT (McNemar's w 2 ) uses data derived from parents who are heterozygous and detects preferential transmission of one allele to affected children. In the TDT, the nontransmitted parental alleles act as the control group thereby diminishing spurious associations resulting from ethnic differences between cases and controls. We used the w 2 test for the case -control analysis and for measuring
Hardy-Weinberg equilibrium. Gene-gene interaction was assessed with Fisher's exact tests for 2 Â 2 and R Â C Tables. The required significance level was set at 0.025 after Bonferroni correction as two independent tests were performed: full sample (Stage 1) and stratified sample (Stage 2). Two -sided P-values were used. Case -control power calculations were performed using SPSS SamplePower.
Results
The MAOA-uVNTR genotypes determined in the current study include those of the 87 AN-R trios (AN-R female þ biological parents) involved in our earlier study 10 in which only their NETpPR genotypes were determined. An additional 8 AN-R duos (AN-R female þ biological mother) recruited after our earlier study 10 had their MAOA-uVNTR and NETpPR genotypes determined in the current study (ie. total of 95 families).
MAOA-uVNTR association study
The 95 trios/duos were genotyped for the MAOA-uVNTR. All mothers in the 'duos' were informative for their MAOAuVNTR genotype (ie. no duo was composed of 2 heterozygous individuals). Therefore no duos were discarded which would have introduced bias. 21 We used the TDT for data analysis. Since the MAOA gene is on the X-chromosome, a father has only one allele which is always transmitted to his daughter (ie no non-transmitted control allele) but never to his son. The fathers' genotyping results were therefore not included in the analysis but were used only to determine which alleles were transmitted from the mothers in the 'trios'. For data analysis, the MAOA-uVNTR alleles were collapsed into two groups based on transcriptional efficiency 7, 8 TDT analysis of the combined strata from Table 1 showed that MAOA-L was transmitted more often to the daughters: 27 MAOA-L vs 19 MAOA-S. However, this finding was not statistically significant (McNemar's w 2 ¼ 1.4, df ¼ 1, P ¼ 0.238, odds ratio: 1.4, 95% CI 0.8 -2.7). We were able to confirm our findings using a case -control approach as
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genotyping data were available from 453 Caucasian female controls drawn from the general Australian population. 23 The genotype frequencies of the female controls were in Hardy-Weinberg equilibrium:
Comparing allele data from the AN-R females (ie. transmitted maternal alleles listed in 'Molecular genetic methods') and controls 23 gave a similar result (w 2 ¼ 2.6, df ¼ 1, MAOA gene -SLC6A2 gene interaction study Only one gene-gene interaction was explored (ie. MAOAuVNTR with NETpPR). We previously observed that AN-R is strongly associated with both the NETpPR-L4 allele and NETpPR-L4/L4 genotype 10 and it appeared from the 2-sided P-values above, ranging from 0.095 to 0.238, that MAOA-L was a possible susceptibility allele for AN-R. We hypothesised a priori that conditional on the NETpPR-L4 homozygous genotype or L4 allele being transmitted, MAOA-L would also be preferentially transmitted to AN-R females. Gene-gene interaction was assessed by stratifying the MAOA-uVNTR TDT data from Stage 1, based on the AN-R female NETpPR genotypes (Table 1) to form a 3 Â 2 contingency table. The top, middle, and bottom strata were composed of MAOA-uVNTR TDT data from mothers of the NETpPR-L4/L4 AN-R females, NETpPR-S4/L4 AN-R females and NETpPR-S4/S4 AN-R females, respectively. Visual inspection of the contingency table data showed that association in the top stratum was in the opposite direction to that in the middle and bottom strata. We compared the strata using a Fisher's exact test for R Â C Tables. Since this comparison was significant (P ¼ 0.019) gene-gene interaction was suggested and it was appropriate to report stratum-specific odds ratios rather than a summary measure. An additive interaction model was suggested within the tabulated data. MAOA-L was preferentially transmitted in the NETpPR-L4/L4 stratum (odds ratio: 2.4, 95% CI 1.1À6.0), but neither in the NETpPR-S4/ L4 stratum (odds ratio: 0.7, 95% CI 0.2À2.6) nor in the NETpPR-S4/S4 stratum (odds ratio: 0.0, 95% CI 0.0À2.4). NETpPR alleles appeared to have an additive effect on susceptibility. The NETpPR genotype distribution was dependent upon which MAOA-uVNTR allele was transmitted.
In the gene-gene interaction analysis above, both parents contributed alleles to the NETpPR genotypes of AN-R females. However, only mothers contributed MAOAuVNTR alleles to the analysis. We considered that unequal input of genotype data from mothers and fathers suggested a possible source of bias, which we addressed by removing the fathers' NETpPR data. MAOA-uVNTR TDT data from the mothers (n ¼ 20) who were both NETpPR-S4/L4 and MAOA-S/L heterozygotes were stratified based on their NETpPR allele transmitted ( Table 2 ). All MAOA-S/L heterozygous mothers were informative for their NETpPR genotype and none were discarded. Fisher's exact test showed a significant difference between the strata (P ¼ 0.019) again suggesting gene-gene interaction. MAOA-L was preferentially transmitted in the NETpPR-L4 stratum (odds ratio: 5.0, 95% CI 1.1À47) but not in the NETpPR-S4 stratum (odds ratio: 0.3, 95% CI 0.03À1.9).
The required level of significance was set at 0.025 after Bonferroni correction for two independent tests: full sample (Stage 1) and stratified sample (Stage 2). We considered that further use of the Bonferroni correction within our stratified analyses (ie. two gene-gene interaction analyses) was too conservative for two reasons. Firstly, gene-gene interaction was biologically plausible as MAOA and SLC6A2 are the major proteins responsible for clearing noradrenalin from the synaptic cleft. 15 Secondly, we knew that the NETpPR L4 allele and L4/L4 genotype are significantly associated with AN-R 10 and felt that MAOA-L would be preferentially transmitted to AN-R females based on the results from Stage 1 of the current study. Therefore one hypothesis,specified a priori, involving one independent comparison was appropriate. Nevertheless, as both P-values in the stratified analysis were 0.019 (just below the set 0.025 level of significance) our findings could be a false positive and therefore require replication in a much larger study.
Discussion
In this paper, we have described the first association study of the MAOA gene and AN, and the first investigation of gene-gene interaction between the MAOA and SLC6A2 genes. We have also provided data that suggest gene-gene interaction between the MAOA and SLC6A2 genes in AN-R.
To summarise, AN-R females who are NETpPR L4 homozygotes and/or have the NETpPR-L4 allele preferentially transmitted to them, are significantly more likely to also receive MAOA-L, suggesting gene-gene interaction between the MAOA and SLC6A2 genes in AN-R. The gene-gene interaction we have observed cannot be explained by physical closeness of the genes as the MAOA and SLC6A2 genes are located on different chromosomes. However, functional variants in linkage disequilibrium with one or both of the polymorphisms studied here may be contributing to susceptibility to develop AN-R. If a gene's independent contribution to a disorder is small, which appears to be the case with the MAOA-uVNTR in the MAOA gene in AN-R females, it is often difficult to identify this contribution as impractical numbers of subjects are required to retain statistical power. To detect our observed odds ratio of 1.4 with MAOA-uVNTR TDT data (using our observed MAOA-L frequency of 0.62 for mothers in the calculations) would require 622 trios to allow 80% power as only the mothers' results can be used. 22 A case -control study using our observed MAOA-L frequency of 0.72 for AN-R females and the reported frequency of 0.65 for normal females 23 would require 692 AN-R females and 692 normal controls. The effect of a second susceptibility gene (in this case, the MAOA gene) may become apparent, however, when gene-gene interactions with other genes are analysed. 24, 25 We have illustrated the effectiveness of this approach in our gene-gene interaction analysis, and have also shown how the relationship of the associated susceptibility loci (in this case the MAOA-uVNTR and NETpPR) may be easily characterised in a contingency table.
Although evidence of a statistical interaction as we report here does not necessarily map directly onto a biological interaction, true gene-gene interactions nonetheless must have a biological basis 26 and the proteins encoded by the MAOA and SLC6A2 genes work together to clear excess noradrenalin from the synaptic cleft. SLC6A2 returns noradrenalin to the presynaptic neuron where MAOA metabolises it. 15 MAOA activity or noradrenalin reuptake by SLC6A2 are inhibited by several drugs used to treat depression and anxiety. 27 Depression and anxiety are often present before, during, and post-AN. [28] [29] [30] One study showed that the antidepressant serotonin and noradrenalin reuptake inhibitor, venlafaxine, may be beneficial for patients with atypical AN 31 in which weight remains just above the diagnostic threshold for AN or amenorrhoea is absent. 1 Low CSF and blood noradrenalin levels observed in long-term weight-restored AN patients compared to normals 12,13 may be explained by increased MAOA activity which would integrate well with our finding of association of AN-R with MAOA-L as this variant results in increased MAOA activity. 9 Further work is required to investigate gene-gene interaction between other genes involved in clearing noradrenalin from the synaptic cleft to progressively elucidate the pathophysiology involved in AN-R. Investigating genegene interactions with catechol-O-methyltransferase (COMT) would be important. Although playing a minor role compared to MAOA, COMT is the second most important enzyme involved in clearing noradrenalin from the synaptic cleft. Additionally, the COMT gene allele which is responsible for increased COMT activity has already shown an independent association with AN. 32 Prior to our previous study 10 it appeared that serotonin was the major neurotransmitter involved in AN. 4, 5 However, integrating the results from our earlier study 10 with the findings described here, suggest important involvement of the noradrenergic system in the biological underpinnings of AN-R.
